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Abstract 11 
Thermogravimetry combined with evolved gas mass spectrometry has been used to ascertain 12 
the stability of the ‘cave’ mineral brushite.  X-ray diffraction shows that brushite from the 13 
Jenolan Caves is very pure.  Thermogravimetric analysis coupled with ion current mass 14 
spectrometry shows a mass loss at 111°C due to loss of water of hydration.  A further 15 
decomposition step occurs at 190°C with the conversion of hydrogen phosphate to a mixture 16 
of calcium ortho-phosphate and calcium pyrophosphate. TG-DTG shows the mineral is not 17 
stable above 111°C.  A mechanism for the formation of brushite on calcite surfaces is 18 
proposed, and this mechanism has relevance to the formation of brushite in urinary tracts. 19 
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Introduction 23 
Brushite is a mineral with the chemical formula CaHPO4·2H2O. Brushite is often found in 24 
caves and is often regarded as a ‘cave’ mineral [1, 2]. However, brushite has also been found 25 
in kidney stones [3-7].  The mineral is understood to be a precursor of apatite and is found in 26 
guano-rich caves, formed by the interaction of guano with calcite at a low pH [8, 9]. It forms 27 
crystals of prismatic shape having a monoclinic crystal structure. The mineral will transform 28 
to monetite upon dehydration. The mineral has been identified in quite a large number of 29 
Australian caves including the Jenolan Caves (New South Wales) Skipton Lava Tube caves, 30 
(southwest of Ballarat, Victoria) and at Moorba cave (Jurien Bay, Western Australia). 31 
These caves have been in existence for eons of time and have been dated as more than 350 32 
million years old.  There are many minerals that form in these caves besides brushite, some of 33 
which include archerite (K,NH4)(H2PO4) [10], mundrabillaite (NH4)2Ca(HPO4)2·H2O [11] 34 
and stercorite Na(NH4)HPO4·4H2O.  These ‘cave’ minerals occur as stalactites and as crusts 35 
on the walls and floors of the caves.  Other minerals found in the Moorba cave include 36 
tanarakite, ardealite, hydroxyapatite, calcite and gypsum.  37 
 38 
There have been very few studies of the thermal analysis of brushite, especially brushite from 39 
caves [12-15]. One study has investigated the thermal analysis patterns of brushite-monetite 40 
mixtures [14], while another study has looked at synthetic analogs of brushite and monetite 41 
[13].  Dehydration of dicalcium phosphate dehydrate in a controlled vapour has been studied 42 
[16-18].  Landin et al. [19] studied the crystal structure of dicalcium phosphate dihydrate 43 
(DCPD) and dicalcium phosphate anhydrous (DCPA). Major differences were found between 44 
these two chemicals [19].  Water is bound to the calcium ions in the DCPD crystal lattice, 45 
which collapses when water is removed to form DCPA. It should be recognised that such a 46 
chemical is not a mineral and so results from such a study might not be directly comparable 47 
with the thermal decomposition of a naturally occurring mineral.   48 
 49 
There are no recent studies on the thermal stability of the mineral brushite. In this work, as 50 
part of our studies of ‘cave’ mineral formation and the stability of ‘cave’ minerals, we report 51 
the thermal decomposition of the ‘cave’ mineral brushite. 52 
 53 
Experimental 54 
 55 
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Minerals 56 
The mineral brushite was supplied by The Australian Museum and originated from Moorba 57 
Cave, Jurien Bay, Dandaragan Shire, Western Australia, Australia.  Details of the mineral 58 
have been published (page 83) [20].  In this reference a significant number of caves have 59 
been listed where brushite is found.  Brushite mineral samples from several Australian caves 60 
were collected.  61 
 62 
 63 
X-ray diffraction 64 
The ‘cave’ mineral brushite was placed upon an ultra thin film of paraffin wax (Vaseline). In 65 
this way a minimal amount of the quite precious ‘cave’ mineral brushite is used. X-Ray 66 
diffraction patterns were collected using a Philips X'pert wide angle X-Ray 67 
diffractometer, operating in step scan mode, with Cu Kα radiation (1.54052 Å). The 68 
Philips PAN analytical X’pert PRO diffractometer was operating at 40 kV and 40 mA with 69 
0.25° divergence slit, 0.25° anti-scatter between 5 and 15° (2θ) at a step size of 0.0167°. For 70 
XRD at low angle section, it was between 1.5 and 8° (2θ) at a step size of 0.0167° with 71 
variable divergence slit and 0.125° anti-scatter. 72 
 73 
Thermogravimetric analysis 74 
 75 
Thermal decomposition of brushite was carried out in a TA® Instruments incorporated 76 
high-resolution thermogravimetric analyser (series Q500) in a flowing nitrogen 77 
atmosphere (80 cm3/min). Approximately 25 mg of sample was heated in an open 78 
platinum crucible at a rate of 5.0 °C/min up to 1000°C at high resolution. With the quasi-79 
isothermal, quasi-isobaric heating program of the instrument the furnace temperature was 80 
regulated precisely to provide a uniform rate of decomposition in the main decomposition 81 
stage. The TGA instrument was coupled to a Balzers (Pfeiffer) mass spectrometer for gas 82 
analysis. Only selected gases such as water and carbon dioxide were analysed. The reason 83 
for the determination of carbon dioxide is that the brushite is found on calcite surfaces. 84 
 85 
Results and Discussion 86 
 87 
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The XRD of the ‘cave’ mineral brushite before and after thermal analysis is reported in 88 
Figures 1a and 1b respectively. The XRD clearly proves that the collected mineral sample 89 
was indeed brushite.  Traces of calcite and quartz may also be observed but are a minor 90 
components.  The XRD of the thermally decomposed product seems to indicate calcium 91 
ortho-phosphate and calcium pyrophosphate are the resultant products after thermal 92 
treatment. The peak at around 45 degrees two theta is due to the presence of paraffin wax.   93 
 94 
The thermogravimetric and differential thermal analysis curves are displayed in Figure 2.  95 
The ion current curves of the evolved gases are reported in Figure 3.  The TG curve shows 96 
mass losses at 111, 190, 211, 436, 677 and 854°C.  The ion current curves clearly show that 97 
water is evolved at 125, 195 and 225°C with an additional temperature for water evolution at 98 
455°C.  Based upon the formula CaHPO4·2H2O the theoretical mass loss for the dehydration 99 
of brushite is 20.93%.  The experimentally determined mass loss for the first three mass loss 100 
steps attributed to the dehydration of brushite is 19.35%.  The following reaction is 101 
envisaged: 102 
 103 
CaHPO4·2H2O → CaHPO4 + 2H2O over the temperature range 110 to 215°C.   104 
 105 
Landin et al. [19] studied the dehydration of dicalcium phosphate dehydrate (DCPD).  These 106 
workers found that upon loss of the water of hydration of the calcium ion the structure 107 
collapsed.  The product of the dehydration of the DCPD was anhydrous dicalcium hydrogen 108 
phosphate (DCPA) [19].  Moravansky and Zenis determined the DTA, TG and DTG patterns 109 
for the thermal decomposition of guano formed minerals in some caves of Western and 110 
Central Slovakia [21].  The thermal analysis patterns (shown in Figure 2 of this work) shows 111 
a similar DTG pattern to that observed in this paper.  Their work indicates a maximum mass 112 
loss around 110°C with higher temperature mass losses at 775°C. The mass loss at 111°C in 113 
this investigation corresponds well with the exotherm at 100°C. Duff [13] also determined 114 
the thermal analysis of a synthetic calcium orthophosphate dehydrate. Interestingly no 115 
thermal analysis patterns were actually shown.  Duff [13] found that at 105°C two moles of 116 
the calcium phosphate dehydrate combined and eliminated one mole of water. The remaining 117 
three moles of water were lost at 165°C with the formation of Ca2P2O7.  Duff suggested that 118 
based upon XRD and FTIR that the mineral monetite was formed. Duff states that an almost 119 
continuous mass loss occurs from ambient up to 165°C.   120 
 121 
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Importantly, the mineral brushite appears to be stable up to 190°C. At higher temperatures, 122 
around 436 and 677°C, further decomposition occurs with the elimination of water. The 123 
theoretical mass loss for this step is 5.2%.  The ion current curves show a minor loss of 124 
oxygen at around 450°C.  A possible reaction is as follows: 125 
2CaHPO4 → Ca2(P2O7) + H2O 126 
 127 
It is noted (Figure 3) that evolution of carbon dioxide occurs in the 670 to 680°C temperature 128 
range. This is not unexpected as brushite is found on calcite stalactites and stalagmites. Thus 129 
it is highly likely that some minor calcite is found with the brushite.  A 4.01% mass loss is 130 
observed over the 514 to 819°C temperature range. This mass loss is attributed to calcite 131 
decomposition with the consequential loss of carbon dioxide.  132 
 133 
The XRD pattern seems to correspond to that of calcium ortho-phosphate. However, the 134 
XRD pattern also shows that calcium phosphate also forms (Figure 1b).  The XRD pattern 135 
supports the concept that both the calcium orthophosphate and calcium pyrophosphate are 136 
formed during the thermal decomposition of brushite. 137 
 138 
Mechanism of formation of brushite 139 
 140 
Brushite is formed on calcite surfaces in the Jenolan Caves. The source of the phosphate ion 141 
is bat guano and is probably present as an ammonium hydrogen phosphate or related 142 
chemical. The following reaction is proposed: 143 
(NH4)2HPO4 + Ca2+ + 2H2O → CaHPO4·2H2O (brushite) + 2NH4+ 144 
Alternatively the equation may be written as  145 
HPO42- + Ca2+ + 2H2O → CaHPO4·2H2O (brushite) 146 
The calcium ions originate from the dissolution of calcite. Carbonate ions function as an 147 
inhibitor of the calcium phosphates. This fact suggests that brushite is formed in solution and 148 
is translocated through the cave system and then precipitates from solution, as is shown in the 149 
above equation.  150 
 151 
The mineral brushite is formed in renal canals and urinary calculus [6, 7, 22-24].  The 152 
proposed chemical reaction above is a mechanism for the formation of brushite in these renal 153 
and urinary calculus [25-27]. It is probable that the concentration of calcium ions effects the 154 
6 
 
formation of brushite. High concentrations of Ca2+ favours brushite formation, as is found in 155 
caves such as in the Moorba and Jenolan caves.   156 
 157 
Conclusions 158 
Brushite is a mineral of significance because of its formation in the urinary tract.  The 159 
mineral is formed in caves through the reaction of bat guano with calcite. The chemicals in 160 
bat guano are soluble in water and translocate to other parts of a cave system. The calcite 161 
surface acts as a catalyst and the high concentration of calcium ions enables the formation of 162 
brushite.  The mechanism of brushite formation is provided. 163 
 164 
X-ray diffraction shows that the brushite mineral from the Moorba and Jenolan caves is pure 165 
with only very minor calcite  and quartz present.  Upon thermal treatment a mixture of 166 
calcium orthophosphate and calcium pyrophosphate is formed. At 111°C water is lost, and 167 
this temperature determines the thermal stability of the mineral. At 190°C, the hydrogen 168 
phosphate changes to ortho phosphate with the loss of water.  At higher temperatures some 169 
loss of oxygen is observed. A mechanism for the formation of brushite is provided and the 170 
chemical reactions during the thermal decomposition provided.   171 
 172 
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